Abstract. We fabricated and characterised nanowire superconducting single-photon detectors (SSPD) made of 4 nm thick amorphous Mo x Si 1−x film. At 1.7 K temperature the best devices exhibit a system detection efficiency of 18% at 1.2 µm wavelength of unpolarised light with dark count rate of 10 per second rate, a fast characteristic response time of about 6 ns and low timing jitter of 120 ps.
Introduction
Recently the use of nanowire superconducting single-photon detectors (SSPD) [1] was demonstrated in many applications ranging from quantum key distribution to time-offlight depth ranging [2] . While NbN was originally the first material used for SSPD's many other materials were tested during the past years such as Nb [3] , NbTiN [4] , TaN [5] , MgB 2 [6] , NbSi [7] and W x Si 1−x [8] . Among them the SSPD detectors made of amorphous W x Si 1−x (a-WSi) films turned out to be very promising. These SSPD's with improved optical coupling demonstrated at 120 mK temperature up to 93% system detection efficiency at a wavelength near 1550 nm [9] . Amorphous WSi is claimed to be attractive due to its critical temperature T c tunable over a wide range by the film stoichiometry, larger hot spot compared to NbN, structural homogeneity and absence of grain boundaries. SSPD's made of a-WSi film demonstrated in the wavelength range of 1280 to 1650 nm a detection efficiency of 19% -40% and they are expected to be usable for the mid-infrared wavelengths [8] . Besides, amorphous films do not set strict requirements to the substrate crystal quality. This fact enables one to fabricate a cavityintegrated detector with the mirror placed on the substrate and front-side illumination of the detector (similar to the'Type I" device from our previous work [10] ).
In this paper we present our study of SSPD's made of another refractory metal silicide: amorphous Mo x Si 1−x (a-MoSi). While the maximum reported T c of thick aWSi films is 5 K [11] , the nanowire made of the 4.5 and 4 nm thick a-WSi film has a T c of 3 K [8] and 3.7 K [9] . For a-NbSi SSPD's a critical temperature near 2 K was reported [7] . The maximum T c of a-MoSi films is higher compared to the T c of a-WSi and a-NbSi. A T c of 7.5 K is reported for 25 nm thick a-Mo 0.75 Si 0.25 film [12] , and of 7.3 K for a 50 nm thick a-Mo 0.80 Si 0.20 film [13] . The single photon response of a-WSi SSPD's showed a saturation in internal quantum efficiency at temperatures below 2 K for 1.55 µm radiation. The critical current of these SSPD's is at 2 K, only 2 µA. In addition the best performing devices were operated at a temperature as low as 120 mK (Fig. 3 of [9] ). Using a-MoSi we intend to provide higher temperatures for efficient SSPD operation (T ∼ 1.7K) compared to a-WSi SSPDs. It should be possible to operate such detectors in a cryoinsert for storage Dewar as described in [14] . Our aim is to have excellent performance at temperatures above 1 K. Therefore we have chosen to take a material with analogous properties as WSi but with a higher T c . We expect in the temperature range of T >1 K a higher critical current than in a-WSi and hence a lower response time and a lower timing jitter compared to a-WSi. Here we report our measurements of the system detection efficiency, system dark count rate, and performed timing characterization of a-MoSi SSPD detectors made of films with Si content of 25% and 20% hereafter referred to as Mo 3 Si and Mo 4 Si.
Device fabrication and experimental set-up
The 4 nm thick a-MoSi films are deposited by dc magnetron sputtering from molybdenum and silicon targets on polished and thermally oxidised Si wafers. No intentional substrate heating is used and the substrate temperature does not exceed 100
• C during the sputter deposition. We evaluate the stoichiometry of the films from the calibrated deposition rates of Mo and Si. For a constant settings of the deposition conditions the film thickness is controlled via the deposition time. The thickness of the films is checked by x-ray reflectivity measurements and their amorphous structure is confirmed by x-ray diffraction. The films are capped with a 3 nm thick Si layer to prevent oxidation. The patterning procedure is essentially the same as for the NbN detectors [15] : the film is patterned into meanders covering 7 µm × 7 µm area by ebeam lithography in a positive-tone resist ZEP 520A7 and reactive ion etching in a SF 6 plasma. Table 1 presents the characteristics of the best devices from each batch (while the complete set of the devices for each batch is given in Fig. 3 ): device ID, film stoichiometry, sheet resistance (R s ), critical temperature (T c ), critical current (I c ) and critical current density (j c ) at 1.7 K temperature, maximum system detection efficiency (SDE) measured at 1.2 µm wavelength of unpolarised light at 1.7 K temperature, strip width, and the width of the gap between the strips in the meander. After patterning of the meanders, the Cr/Cu electrical contacts are fabricated by electron beam evaporation and patterned by photolithography method. The resistivity is calculated from the sheet resistance and film thickness. The sheet resistance is measured by a four-point probe at room temperature. The detectors are mounted in an experimental dipstick placed inside a cryoinsert for a storage dewar enabling operation at 1.7 K temperature by evacuation of the helium vapour of the insert.
The system detection efficiency is determined by illuminating the detector with unpolarised light of 1.2 µm wavelength from a light emitting diode (LED). The light is delivered to the detector by a bunch of multi-mode fibres which provides uniform illumination of the detector. The SSPD chip is placed at a distance of about 1 mm from the end of fibre bunch and is illuminated from the front side. The number of incoming photons is determined from the power measurement. The detection efficiency is defined as the ratio of photon counts to the number of incoming photons:
where N c is the number of counts when the LED is on, N drk is the number of dark counts when the LED is off, N ph is the number of incoming photons. In our experiment the dark count rate with the LED off was equal to the dark count rate with the fibre input blocked by a black cap. So we may treat the dark count rate with the LED off as the system dark count rate [9] . 
Results and discussion

Resistance vs temperature
We measured the temperature dependence of the resistivity for the unpatterned films and the meanders. Both the meanders and the films are made of demonstrated similar critical temperatures. The typical resistivity vs temperature curves measured for the unpatterned Mo 3 Si and Mo 4 Si films are shown in Fig. 1 . With the reduction of the amount of molybdenum in the film the critical temperature decreases. We measured a critical temperatures of 4.3 K for a-Mo 3 Si film and 4.9 K for the a-Mo 4 Si. Both films show a very sharp transition, of less than 0.1 K which may be attributed to the fact that the film is too wide to measure the intrinsic transition width. The films have a small negative temperature coefficient of resistivity which is in accordance with previously published data for amorphous a-MoSi [13] and a-WSi films [11] , and is related to their high specific resistivity. The electrical resistivity is about 220 µΩ · cm for a-Mo 3 Si and 185 µΩ · cm for a-Mo 4 Si at 10 K temperature. Figure 2 presents the system detection efficiencies (open symbols) and system dark count rate (closed symbols) vs normalised bias current (ratio of bias current I bias to critical current I c ) measured at 1.7 K temperature for the best Mo 3 Si and Mo 4 Si devices. The system detection efficiency is measured at 1.2 µm wavelength, using unpolarised light. These dependencies are typical for all tested devices. Devices with high detection efficiencies exhibit a saturation plateau at bias currents close to I c where the detection efficiency hardly changes with the bias current. This behaviour suggests that the best devices reach their 100% internal detection efficiency: each absorbed photon produces device response. The system detection efficiency is then limited by their coupling to the incoming light and achieves 18% (at bias current near I c ). It is also typical for all studied devices that for Mo 3 Si the saturation plateau is larger compared to Mo 4 Si devices.
Detection efficiency and dark count rate
The plateau of dark counts at rates below 10 counts per second and bias current below 0.8I c is caused by the electrical noise of the setup, which is hard to filter due to low detector response amplitude.
In Fig. 3 we present the maximum system detection efficiencies vs critical current for all measured devices. Each symbol type corresponds to one of the batches: 22A, 29A, 22B, and 29B. Both batches of Mo 3 Si (22A and 29A) and one Mo 4 Si (22B) batch demonstrate very similar detection efficiencies, whereas the Mo 4 Si batch 29B shows a lower detection efficiency and lower critical currents for all measured devices. This may be caused by defects in the fabrication for this particular batch. Figure 4 presents a typical waveform transient for 7 µm × 7 µm area a-Mo 4 Si detector (after about 46 dB amplification). We evalaute the influence of the kinetic inductance on the response fall time by fabricating meanders ranging in size from 3 µm × 3 µm to 10 µm × 10 µm. As it was shown in [16] the response fall time τ f is limited by the kinetic inductance of the wire L k : τ f = L k /R, where R is the impedance of the coaxial transmission line which is in most cases 50 Ω. Here we define the response time as the time required for the voltage to decay by a factor of e (the base of the natural logarithm). For the given strip width and film thickness the kinetic inductance of the detector is proportional to the strip length and therefore to the room temperature resistance [17] :
Response time
Here l and w are strip length and width, R sq is the sheet resistance, and ∆ is superconducting gap.
The inset in Fig. 4 shows the response fall time vs room temperature resistance for the meanders of different lengths. One can see that the response time is close to a linear dependence suggesting that even for 3 µm × 3 µm devices the recovery time is still limited by the kinetic inductance.
It is also interesting to compare the a-MoSi SSPD response time τ f with a-WSi SSPD response time as given in [9] . From the waveform transient of a 7 µm × 7 µm device presented in Fig. 4 we obtain τ f is about 6 ns. In [9] 10%-90% decay time for 15 µm × 15 µm device is reported to be 120 ns. From these data we obtain 1/e decay time of 55 ns. Taking into account the difference in the detector size we estimate τ f to be about 12 ns for 7 µm × 7 µm a-WSi devices. In our case T << T c and we may consider ∆ ≈ ∆(0) ≈ 1.76k b T c . For a-Mo 4 Si we have R sq ≈ 360 Ω and T c = 4.9 K. For a-WSi we can deduce R sq from the resistivity given in [9] (supplementary material) as 200 µΩ·cm. For a 4-nm-thick film we get R sq = 500 Ω. T c was given in [9] as 3 K. Taking also into account the difference in strip width (≈120 nm for our a-MoSi and 144 nm for a-WSi) we get a ratio of L kW Si /L kM oSi ≈ 2.7, in a reasonable agreement with the ratio of τ f for these detectors. 
Timing jitter
We determine the timing jitter of the a-MoSi SSPD's from the width of the coincidence histogram taken at the half of its maximum. The jitter is measured for different bias currents ranging from 5.5 µA to I c which was about 8.3 µA for this device. The results are presented in Fig. 5 . The high values for the jitter are understandable from the low signal to noise ratio of our set-up. Indeed, when I c < 10 µA the response voltage of the detector is just several times higher than the RMS of the amplifier noise voltage. For a more or less fair comparison with NbN, we measured the timing jitter of our standard NbN detectors with I c about 8.5 µA in the same set-up. It was 120 ps at bias current of 7.5 µA which is within the accuracy of our measurement for a-MoSi detector at the same bias current.
Conclusion
We fabricated and tested amorphous a-Mo x Si 1−x SSPD's. These devices exhibited critical temperatures of 4.3-4.9 K allowing their successful operation at 1.7 K temperature. The best devices had detection efficiencies of 18% at 1.2 µm wavelength, using unpolarised light, with 10 dark counts per second. We demonstrate a kinetic inductance limited 1/e voltage decay time for a 7 µm × 7 µm detector of about 6 ns with a timing jitter of 120 ps limited by the RMS of the amplifier noise.
Although the best detection efficiency we achieve so far is about 18% we believe that this material has high potential for future SSPD development, because it allows the integration with optical cavities enabling front illumination. We have also demonstrated that these a-MoSi detectors have lower response time, lower jitter compared to a-W x Si 1−x and enable operation at 1.7 K temperature achieved easily by helium vapour evacuation.
